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(54) Electromagnetlc-to-acoustic and acoustic-to-electromagnetic repeaters and methods for 
use of same 



(57) A downhole communications system including 
an electromaQnetic-to-acoustic signal repeater (35) for 
communicating infomriation between surface equipment 
and downhole equipment and a method for use of the 
repeater (35) is discfosed. The repeater (35) comprises 
an electromagnetic receiver (37) and an acoustic trans- 
mitter (41 ). The receiver (37) receives an electromag- 
netic input signal and transforms the electromagnetic In- 
put signal to an electrical signal that is Inputted Into an 
electronics package (39) that amplifies the electrcal sig- 
nal and fonvards the electrical signal to the transmitter 
(41) that transforms the electrical signal to an acoustic 
output signal that is acoustically transmitted. An acous- 
tic-to-electfomagnetic repeater may be used instead of 
the electromagnetic to acoustic repeater (35). 
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Description 

[0001] The present invention relates In general to 
downhole telemetry and in particular to the use of elec- 
tromagnetic-to-acoustic and acoustic-to-electromag- 
netic signal repeaters for communicating information 
between downhole equipment and surface equipment 
[0002] Although the background of the invention will 
be described with reference to transmitting downhole 
data to the surface during a measurement while drilling 
("MWD") operation, the principles of the present Inven- 
tion are applicable not only during the drilling process, 
but throughout the utilization of the fluid or gas extrac- 
tion well including, but not limited to, logging, testing, 
completing and producing the well. 
[0003] In the past, a variety of communication and 
transmission techniques have been attempted in order 
to provide real time data from the vicinity of the drill bit 
to the surface during the drilling operation or during the 
production process. The utilization of Measurement 
While Drilling CMWD") with real time data transmission 
provides substantial benefits during a drilling operation 
that enable increased control of the process. For exam- 
ple, continuous monitoring of downhole conditions al- 
lows for a timely response to possible well control prob- 
■lems and improves operational response to problems 
and potential problems as well as optimization of con- 
trollable drilling and production parameters during the 
drilling and operation phases. 

[0004] Measurement of parameters such as bit 
weight, torque, wear and bearing condition on a real 
time basis provides the means for a more efficient drill- 
ing operatbn. Increased drilling rates, better trip plan- 
ning, reduced equipment failures, fewer delays for di- 
rectional surveys, and the elimination of the need to in- 
terrupt drilling operations for abnomnal pressure detec- 
tion are achievable using MWD techniques. 
[0005] At present, there are four categories of telem- 
etry systems have been utilized in attempts to provide 
real time data from the vicinity of the drill bit to the drilling 
platform or to the facility controlling the drilling and pro- 
duction operation. These techniques include mud pres- 
sure pulses, insulated conductors, acoustics and elec- 
tromagnetic waves. 

[0006] In a mud pressure pulse transmission system, 
resistance of mud flow through a drill string is modulated 
by means of a valve and control mechanism nfK>unted 
in a specially adapted drill collar near the bit. Pressure 
Pulse transmission mechanisms are relatively stow in 
terms of data transmission of measurements due to 
pulse spreading, modulation rate limitations, and other 
disruptive limitations such as the requirement of mud 
flow. Generally, pressure pulse transmission systems 
are is normally limited to transmission rates of 1 to 2 bits 
per second. 

[0007] Alternatively, insulated conductors, or hard 
wire connections from the bit to the surface, provide a 
method for establishing downhole communications. 



These systems may be capable of a high data rate and, 
in addition, provide for the possibility of two way com- 
munication. However insulated conductors and hard 
wired systems require a especially adapted drill pipe 

s and special tool joint connectors which substantially in- 
crease the cost of monitoring a drilling or production op- 
eration. Furthermore, insulated conductor and hard 
wired systems are prone to failure as a result of the se- 
vere down-hole environmental conditions such as the 

10 abrasive conditions of the mud system, extreme tem- 
peratures, high pressures and the wear caused by the 
rotation of the drill string. 

[0008] Acoustic systems present a third potential 
means of data transmission. An acoustic signal gener- 

15 ated near the bit. or particular location of interest, is 
transmitted through the drill pipe, mud column or the 
earth. However, due to downhole space and environ- 
mental constraints, the low intensity of the signal which 
can be generated downhole. along with the acoustic 

20 noise generated by the drilling system, makes signal 
transmission and detection difficult over long distances. 
In the case where the drill string is utilized as the primary 
transmission medium, reflective and refractive interfer- 
ences resulting from changing diameters and the geom- 

2S etry of the connections at the tool and pipe joints, com- 
pound signal distortion and detection problems when at- 
. tempts are made to transmit a signal over long distanc- 
es 

[0009] The fourth technique used to telemeter down- 

30 hole data to surface detection and recording devices uti- 
lizes electromagnetic ("EM") waves. A signal carrying 
downhole data is input to a toroid or collar positbned 
adjacent to the drill bjt or input directly to the drill string. 
When a toroid is utilized, a primary winding, carrying the 

35 data for transmission, is wrapped around the toroid and 
a secondary isfomied by the drill pipe. A receiver is con- 
nected to the ground at the surface where the electro- 
magnetic data is picked up and recorded. However, in 
deep or noisy well applications, conventional electro- 

^0 magnetic systems are often unable to generate a signal 
with sufficient intensity and clarity to reach the desired 
reception location with sufficient strength for accurate 
reception. Additionally, in certain applications where the 
wettbore penetrates particular strata, for example, a 

45 high salt conceritration, transmission of data via EM 
over any practical distance is difficult or impossible due 
to ground and electrochemical effects. 
[0010] Thus, there is a need for a downhole commu- 
nication and data transmission system that is capable 

so of transmitting data between a surface location and 
equipment located in the vicinity of the drill bit, or anoth- 
er selected location in the welbore. A need has also 
arisen for such a communication system that is capable 
of operation in a deep or noisy well or in a wellbore pen- 

ss etrating formations that preclude or interfere with the 
use of known techniques for communication. 
[0011] The present invent bn disclosed herein com- 
prises downhole repeaters that utilizes electromagnetic 



3 



3 



EP 0 919 697 A2 



4 



and acoustic waves to retransmit signals carrying Infor- 
naation and the methods for use of the same. The re- 
peaters and methods of the present invention provide 
for real time communication between downhole equip- 
ment and the surface and for the telemetering of infor- 
mation and commands from the surface to downhole 
tools disposed in a well using both electromagnetic and 
acoustic waves to carry information. The repeaters and 
methods of the present invention serve to detect and 
amplify the signals carrying Information at various 
depths in the weilbore, thereby alleviating signal atten- 
uation. 

[0012] In one embodiment, a repeater of the present 
invention comprises an electromagnetic receiver for re- 
ceiving an electromagnetic input signal and transform-' 
ing the electromagnetic input signal to an electrical sig- 
nal, an electronics package for processing the electrical 
signal and an acoustic transmitter for transforming the 
electrical signal to an acoustic output signal. In another 
embodiment, a repeater of the present invention com- 
prises an acoustic receiver for receiving an acoustic in- 
put signal and transforming the acoustic input signal to 
an electrical signal, an electronics package for process- 
ing the electrical signal and an electromagnetic trans- 
mitter for transforming the electrical signal to an electro- 
magnetic output signal. 

[0013] The electromagnetic receivers and transmit- 
ters of each of the embodiments may comprise a mag- 
netically permeable annular core, a plurality of primary 
electrical conductor windings wrapped axially around 
the annular core and a plurality of secondary electrical 
conductor windings wrapped axially around the annular 
core and magnetically coupled to the plurality of primary 
electrical conductor windings. Alternatively, the electro- 
magnetic transmitters may comprise a pair of electrically 
isolated terminals each of which are electrically con- 
nected to the electronics package. 
[0014] The acoustic receivers and transmitters of 
each of the embodiments may comprise a plurality of 
piezoelectric elements. The electronics package may 
include an annular carrier having a plurality of axial 
openings for receiving a battery pack and an electronics 
mennber having a plurality of electronic devices thereon 
tor processing and amplifying the electrical signals. 
[001 5] According to one aspect of the invention there 
is provided a downhole signal repeater apparatus for 
communicating information between surface equipment 
and downhole equipment, comprising: a receiver for re- 
ceiving an electromagnetic Input signal and transform- 
ing the electromagnetic input signal to an electrical sig- 
nal; and a transmitter electrically connected to the re- 
ceiver for transforming the electrk^al signal to an acous- 
tic output signal. 

[0016] In an embodiment, the receiver further com- 
prises a nnagnetically permeable annular core, a plural- 
ity of primary electrical conductor windings wrapped ax- 
ially around the annular core and a plurality of secondary 
electrical conductor windings wrapped axially around 



the annular core and magnetically coupled to the plural- 
ity of primary electrical conductor windings. A current 
may be induced in the primary electrical conductor wind- 
ings in response to the electromagnetic input signal. A 
5 current may be induced in the plurality of secondary 
electrical conductor windings by the plurality of primary 
electrical conductor windings, thereby amplifying the 
electrical signal. 

[001 7] In an embodiment, the apparatus further com- 

10 prises an electronics package electrically connected to ' 
the receiver and the transmitter for amplifying the elec- 
trical signal. The electronics package may further in- 
' elude at least one battery pack and a plurality of elec- 
tronic devices. The electronics package may further in- i - 

15 cludeanannularcarrier having a plurality of axial open- ' 
ings for receiving at least one battery pack and an elec- 
tronics member having a plurality of electronic devrces 
thereon. 

[0018] In an embodiment, the transmitter further com- ^^-^ 
20 prises a plurality of piezoelectric elements. • 
[0019] According to another aspect of the invention 
there is provided a downhole signal repeater apparatus 
: for communicating information between surface equip- 
ment and downhole equipment, comprising: a receiver 
25 for receiving an acoustic Input signal and transforming 
the acoustic input signal to an electrical signal; and a 
transmitter electrically connected to the receiver for 
transforming the electrical signal to an electromagnetic 
output signal that is radiated into the earth. - 
30 [0020] In an embodiment, the receiver further com- 
prises a plurality of piezoelectric elements. 
[0021 ] In an embodiment, the apparatus further com- 
prises an electronics package electrically connected to 
the receiver and the transmitter for amplifying the elec- 
ts trical signal. The electronics package may further in- 
clude at least one battery pack and a plurality of elec- 
tronic devices. The electronics package may further in- 
clude an annular carrier having a plurality of axial open- 
ings for receiving at least one battery pack and an elec- 
40 tronics member having a plurality of electronic devices ■ •;' - 

thereon. 

[0022] In an embodiment, the transmitter further com- 
prises a magnetically pemrieable annular core, a plural- 
ity of primary eiectrbal conductor windings wrapped ax- 

45 iaily around the annular core anda plurality of secondary 
electrical conductor windings wrapped axially around 
the annular core and magnetically coupled to the plural- 
ity of primary electrical conductor windings. A current 
carrying the electrical signal may be inputted in the plu- 

50 rality of primary electrical conductor windings from the 
electronics package. A current may be induced in the 
plurality of secondary electrical conductor windings by 
the plurality of primary electrical conductor windings 
such that the electromagnetic output signal is radiated 

ss into the earth. 

[0023] The transmitter may further comprise a pair of 

electrically isolated terminals each of which are electri- --^ 

cally connected to the electronics package. '-0^ 
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[0024] According to another aspect of the invention 
there is provided a method for communicating informa- 
tion between surface equipment and downhole equip- 
ment, the method comprising the steps of: receiving an 
electromagnetic input signal on a receiver disposed 5 
within a wellbore: transforming the electromagnetic in- 
put signal into an electrical signal; sending the electrical 
signal to a transmitter; transforming the electrical signal 
into an acoustic output signal; and transmitting the 
acoustic output signal. io 
[0025] In an embodiment, the method further com- 
prises the steps of inducing a current in a plurality of 
primary electrical conductor windings wrapped axially 
around an annular core and amplifying the electromag- 
netic input signal by magnetically coupling the plurality is 
of primary electrical conductor windings to a plurality of 
secondary electrical conductor windings wrapped axial- 
ly around the annular core. The method may further 
comprise the steps of sending the electrical signal to an 
electronics package and processing the electrical sig- 
nal. The step of processing the electrical signal may fur- 
ther comprise amplifying the electrical signal. 
[0026] The step of transforming the electrical signal 
Into an acoustic output signal may further comprise ap- 
plying a voltage to a plurality of piezoelectric elements, 
.[0027] According to another aspect of the Invention 
there is provided a method for communicating Informa- 
tion between surface equipment and downhole equip- 
ment, the method comprising the steps of: receiving an 
acoustic input signal on a receiver disposed within a 30 
wellbore; transforming the acoustic input signal into an 
electrical signal; sending the electrical signal to a trans- 
mitter; transforming the electrical signal into an electro- 
magnetic output signal; and radiating the electromag- 
netic output signal into the earth. 3S 
[0028] In an embodiment, the receiver further com- 
prises a plurality of piezoelectric elements. 
[0029] In an embodiment, the method further com- 
prises the steps of sending the electrical signal to an 
electronics package and processing the electrical sig- 40 
nal. The step of processing the electrical signal may fur- 
ther comprise amplifying the electrical signal. 
[0030] In an embodiment, the step of transforming the 
electrical signal into an electromagnetic output signal 
may further comprise the steps of supplying a current to 
a plurality of primary electrical conductor windings 
wrapped axially around an annular core and amplifying 
the electromagnetic Input signal by magnetically cou- 
pling the plurality of primary electrical conductor wind- 
ings to a plurality of secondary electrical conductor so 
windings wrapped axially around the annular core. 
[0031] In an embodiment, the step of transforming the 
electrical signal into an electromagnetic output signal 
further comprises applying a voltage between a pair of 
electrically Isolated terminals each of which are electri- ss 
cally connected to the electronics package. 
[0032] Reference Is now made to the accompanying 
drawings, In which: 



Figure 1 A Is a schematic illustration of an embodi- 
ment of a telemetry system operating an eiectro- 
magnetic-to-acoustic signal repeater according to 
the present invention; 

Figure 1 B is a schematic illustration of an embod- 
iment of a telemetry system operating an electro- 
magnetic-to-acoustic signal repeater and an acous- 
tic-to-eiectromagnetic signal repeater according to 
the present invention; 

Figure 1 C is a schematic illustration of an embod- 
iment of a telemetry system operating an electro- 
magnetic-to-acoustic signal repeater and an acous- 
tlc-to-electromagnetic .signal repeater according to 
the present invention;. 

Figures 2A-2B are quarter-sectional views of an 
embodiment of a repeater according to the present 
invention that may operate as an acoustic-to-elec- 
tromagnetlc signal repeater or an electromagneiic- 
to-acoustic signal repealer; 
Figures 3A-3B are quarter-sectional views of an 
embodiment of an acoustic-to-electromagnetic re- 
peater according to the present invention; 
Figure 4 is an isometric view of an embodiment of 
an acoustic transmitter or receiver according to the 
present invention; 

Figure 5 is a schematic illustration of an embodi- 
ment of a toroid having primary and secondary 
windings wrapped therearound for a repeater ac- 
cording to the present invention; 
Figure 6 is an exploded view of an embodiment of 
a toroid assembly lor use as a receiver in a repeater 
according to the present invention; 
Figure 7 is an exploded view of an embodiment of 
a toroid assembly for use as a transmitter in a re- 
peater according to the present invention; 
Figure 8 is a perspective view of an embodiment of 
an annular carrier of an electronics package for a 
repeater according to the present invention; 
Figure 9 is a perspective view of an embodiment of 
an electronics member having a plurality of elec- 
tronic devices thereon for a repeater according to 
the present inventbn: 

Figure 10 is a perspective view of an embodiment 
of a battery pack for a repeater according to the 
present Invention: and 

Figure 1 1 is a block diagram of an embodiment of 
a signal processing method of a repeater according 
to the present inventk>n. 

[0033] While the making and using of various embod- 
iments of the present invention are discussed In detail 
below, it should be appreciated that the present inven- 
tion provides many applicable inventive concepts whk;h 
can be embodied In a wide variety of specific contexts. 
The specific embodiments discussed herein are merely 
Illustrative of specific ways to make and use the inven- 
tion, and do not delimit the scope of the invention. 
[0034] Referring now to figure 1A. a communication 
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system including an electromagnetic signal generator, 
an electromagnetic signal repeater and an electromag- 
netlC'to-acoustic repeater in use on an offshore oil and 
gas drilling plattorm is schematically illustrated and gen- 
erally designated 10. A semi-submergible platform 12 is 
centered over a submerged oil and gas formation 1 4 lo- 
cated below sea floor 16. A subsea conduit 18 extends 
frorf) deck 20 of platlornn 12 to wellhead installation 22 
including blowout preventers 24. Platfomi 12 has a der- 
rick 26 and a hoisting apparatus 26 for raising and low- 
ering drill string 30, including drill bit 32, electromagnetic 
signal repeater 34 and electromagnetic-to-acoustic sig- 
nal repeater 35. ' . 
[0035] In a typical drilling operation, drill bit 32 is ro- 
tated by drill string 30, such that drill. bit 32 penetrates 
through the various earth strata, forming wellbore 36. 
Measurement of parameters such as bit weight, torque, 
wear and bearing conditions may be obtained by sen- 
sors 40 located in the vicinity of drill bit 32. Additionally, 
parameters such as pressure and temperature as well 
as a variety of other environmental and formation infor- 
mation may be obtained by sensors 40. The signal gen- 
^erated by sensors 40 nriay typically be. analog, which 
must be converted to digital data before electromagnetic 
transmission in the present system. The signal gener- 
ated by sensors 40 is passed into an electronics pack- 
age 42 Including an analog to digital converter which- 
converts the analog signal to a digital code utilizing "1' 
and "0" for information transmission. 
[0036] Electronics package 42 may also Include elec- 
tronic devices such as an on/off control, a modulator, a 
microprocessor, menrtory and amplifiers. Electronics 
package 42 is powered by a battery pack which may 
include a plurality of batteries, such as nickel cadmium 
or lithium batteries, which, are configured to provide 
proper operating voltage and current. 
[0037] Once the electronics package 42 establishes 
the frequency, power and phase output o1 the informa- 
tion, electronics package 42 feeds the information to 
transmitter 44. Transmitter 44 may be a direct connect 
to drill string 30 or may electrically approximate a large 
transfomrier. The informatbn is then carried uphole in 
the form. of electromagnetic wave fronts 46 which travel 
through the earth. These electromagnetic wave fronts 
46 are picked up by a receiver 48 of repeater 34 located 
uphole from transmitter 44. 

[0038] Receiver 48 of repeater 34 is spaced along drill 
string 30 to receive the electromagnetic wave fronts 46 
while electromagnetic wave fronts 46 remain strong 
enough to be readily detected. Receiver 48 may electri- 
cally approximate a large transformer. As electromag- 
netic wave fronts 46 reach receiver 48, a current is in- 
duced in receiver 48 that carries the information origi- 
nally obtained by sensors 40. The current is fed to an 
electronics package 50 that may include a variety of 
electronic devices such as a preamplifier, a limiter, a plu- 
rality of filters, a frequency to voltage converter, a volt- 
age to frequency converter and amplifiers as will be fur- 



ther discussed with reference to figures 9 and 11 . Elec- 
tronics package 50 cleans up and amplifies the signal 
to reconstruct the original waveform, compensating for 
losses and distortion occurring during the transmission 

s of electromagnetic wave Ironts 46 through the earth. 
[0039] Electronics package 50 is coupled to a trans- 
mitter 52 that radiates electromagnetic wave fronts 54 
in the manner described with reference to transmitter 44 
and electromagnetic wave fronts 46. Electromagnetic 

10 wave fronts 54 travel through the earth and are received 
by electromagnetlc-to-acoustic repeater 35 that may be 
-kx^ted near sea floor 16 on drill string 30. The electro- 
magnetic-to-acoustic repeater 35 includes a receiver 
37, electronics package 39 and acoustic transmitter 41 . 

IS The receiver 37 detects electromagnetic wave fronts 46 
and serves as a transducer, transforming electromag- 
netic wave fronts 54 into an electrical signal. The elec- 
trical signal is transmitted to electronics package 39 that 
may include a variety of electronic devices such as a 

20 preamplifier, a limiter, a plurality of filters, a frequency 
to voltage. converter, a voltage to frequency converter 
and amplifiers as will be further discussed with refer- 
ence to figures 9 and 11. The electronics package 39, 
in turn, provides a signal to acoustic transmitter 41 which 

25 generates an acoustic signal that Is transmitted via the 
drill string 30 to an acoustic receiver 31 mounted on, or 
adjacent to. platform 12, Upon reaching platform 12, the 
information originally obtained by sensors 40 is further 
processed making any necessary calculations and error 

30 correctbns such that the information may be displayed 
in a usable format. Alternatively, the acoustic signal may 
be transmitted through the fluid in the annulus around 
drill string 30 and received in the moon pool of platform 
12 , 

35 [0040]. Even though figure 1 A depicts two repeaters 
34 and 35, it should be noted by one skilled in the art 
that the number of repeaters located within drill string 
30 will be determined by the depth of wellbore 38, the 
noise level in wellbore 38 and the characteristics of the 

40 earth's strata adjacent to wellbore 38 in that electromag- 
netic and acoustic waves suffer from attenuation with 
increasing distance from their source at a rate that is 
dependent upon the composition characteristics of the 
transmission medium and the frequency of transmis- 

45 sion. For example, electromagnetic signal repeaters, 
such as electromagnetic signal repeater 34, nhay be po- 
sitioned between 3.000 and 5,000 feet apart (914 m and 
1524 m). Thus, if wellbore 38 is 15,000 feel (4572 m) 
deep, between two and four electromagnetic signal re- 

50 peaters such as electromagnetic signal repeater 34 may 
be desirable. 

[0041] Additionally, as will be apparent to those skilled 
in the art. the system illustrated in figure 1 A is particu- 
larly applicable in the case of an offshore well in deep 
55 water. Specifically, etectromagnetic-to-acoustic repeat- 
er 35 is used to overcome the difficulty of transmitting 
electromagnetic waves through sea water. In fact, the 
use of an EM system alone requires the placement of 
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one or more specialized ocean floor receivers to detect 
the electronnagnetic signal from a downhole transmitter 
or repeater. Placement of such devices typically re- 
quires the use of a remotely operated vehicle (ROV) or 
similar device. Use of the above-described embodiment s 
of the present invention avoids the costs inherent in this 
procedure. 

[0042] Additionally, while figure 1A has been de- 
scribed with reference to transmitting information up- 
hole during a measurement while drilling operation, it io 
should be understood by one skilled in the art that re- 
peaters 34. 35 may be used in conjunction with the 
transmission of information downhole fronn surface 
equipment to downhole tools to perform a variety of 
functions such as opening and cbsing a downhole test- is 
er valve or controlling a downhole choke. 
[0043] Further, even though figure 1A has been de- 
scribed with reference to one way communication from 
the vicinity of drill bit 32 to platform 12, It will be under- 
stood by one skilled in the art that the principles ol the 20 
present invention are applicable to two way communi- 
cation. For example, a surface installation may be used 
to request downhole pressure, temperature, or flow rate 
infonmation from fonmation 14 by sending acoustic or 
electromagnetic signals downhole which would again 
'be amplified as described above with reference to re- 
peaters 34, 35. Sensors, such as sensors 40, located . 
near fonnation 14 receive this request and obtain the 
appropriate information which would then be returned 
to the surface via electromagnetic wave fronts which 30 
would again be amplified and transmitted electromag- 
netically as described above with reference to repeater 
34 and acoustically as described above with reference 
to repeater 35. As such, the phrase 'between surface 
equipment and downhole equipment* as used herein 3S 
encompasses the transmission of information from su r- 
face equipment downhole. from downhole equipment 
uphole, or for two way communicatbn. 
[0044] Whether the information is being sent from the 
surface to a downhole destination or a downhole loca- 40 
tion to the surface, electromagnetic wave fronts and 
acoustic signals may be radiated at varying frequencies 
such that the appropriate receiving device or devices 
detect that the signal is intended for the particular de- 
vice. Additionally, repeaters 34 and 35 nnay include 4S 
blocking switches which prevents the receivers from re* 
ceiving signals while the associated transnftitters are 
transmitting. 

[0045] Referring now to figure IB, another embodi- 
ment of the present invention is represented. As de- 50 
scribed with reference to figure 1A information is col- 
lected by sensors 40, processed In electronics package 
42 and electromagnet ically transmitted by transmitter 
44 as electromagnetic wave fronts 46 which are picked 
up by receiver 46 of repeater 34. Repeater 34 amplifies ss 
the signal in electronics package 50 and electromagnet- 
ically transmits the signal using transmitter 52 as elec- 
tronnagnetic wave fronts 54. In the embodiment illustrat- 



ed in figure 1 B. wellbore 38 passes through a highly con- 
ductive medium such as salt layer 89. EM transmission 
through such highly conductive strata is typically hin- 
dered to the point that communication via electromag- 
netic transmission is rendered impractical or impossible. 
[0046] In order to overcome the difficulties encoun- 
tered with EM transmission through salt layer 89. elec- 
tromagnetic-to-acoustic repeater 35 is positioned at a 
predetermined location downhole of the layer 89. Elec- 
tromagnetic wave fronts 54 are received by receiver 37 
of electromagnetlc-to-acoustic repeater 35. Receiver 37 
transforms electromagnetic wave fronts 54 into an elec- 
trical signal that is transmitted to electronics package 39 
for processing and amplification. The electronics pack- 
age 39, in turn, provides a signal to acoustic transmitter 
41 which generates an acoustic signal that is transmit- 
ted via the drill string. Acoustic transmitter 41 may com- 
prise a transducer in the form of a stack of ceramic crys- 
tals which will be iurther described with reference to fig- 
ure 4. The acoustic signal travels, unimpeded by the 
highly conductive layer 89. through the drill string 30 to 
an acoustic-to-eleclronrtagnetic repeater 81 . 
[0047] Acoustc-to-electromagnetic repeater 61 in- 
cludes a receiver 63, an electronics package 65 and a 
transmtttor 67. Receiver 83 of repeater 81 is positioned 
to receive the acoustic signals transmitted through con- 
ductive layer 89 at a point where the acoustic signals 
are of a magnitude sufficient for adequate reception. Re- 
ceiver 83 may comprise a transducer in the form of a 
stack of ceramic crystals as described in greater detail 
with reference to figure 4. As signals reach receiver 83, 
the signal is converted to an electrical current which rep- 
resents the informatbn originally obtained by sensors 
40. The current is fed to an electronics package 85 for 
processing and amplification to reconstruct the original 
waveform, compensating for tosses and distortion oc- 
curring during the transmission of the acoustic signal. 
[0048] Electronics package 85 is coupled to a trans- 
mitter 87 that radiates electromagnetic wave fronts 62 
in the manner described with reference to transmitter 44 
and electromagnet k; wave fronts 46. Electromagnetic 
wave fronts 62 travel through the earth and are received 
by electromagnetic pickup device 64 located on sea 
floor 16. 

[0049] Electromagnetic pickup device 64 may sense 
either the electric field or the magnetic field of electro- 
magnetic wave fronts 62 using an electric field sensor 
66 or a magnetic field sensor 68 or both. The electro- 
magnetic pickup device 64 serves as a transducer trans- 
forming electromagnetic wave fronts 62 into an electri- 
cal signal using a plurality of electronic devices. The 
electrical signal may be sent to the surface on wire 70 
that is attached to buoy 72 and onto platform 1 2 for fur- 
ther processing via wire 74. Upon reaching platform 1 2, 
the information originally obtained by sensors 40 is fur- 
ther processed making any necessary calculations and 
error corrections such that the information may be dis- 
played in a usable format. 
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[0050] Even though figure IB has been described 
with reference to an offshore environnneni, it should be 
understood by one skilled in the art that the principles 
described herein are equally well-suited for an onshore 
environment. In fact, in an onshore operation, electro- s 
magnetic pickup device 64 woukJ be placed directly on 
the land surface. 

[0051] Alternatively, it should be noted that transmitter 
87 may be an acoustic transmitter. In this case, the in- 
formation received from sensors 40 will be transmitted to 
to platform 12 In the form of an acoustic signal as here- 
tofore described in connection with figure 1 A. 
[0052] As will be appreciated by those skilled in the 
art, the above-described embodiment of the invention 
provides for the transmission of data across a highly ts 
conductive layer 89 by "jumping" across layer 89 with 
an acoustic signal. Thus, use of this embodiment of the 
Invention allows for EM data transmission over a sub- 
stantial portion of wellbore 38 while simultaneously, 
overcoming the difficulties involved in EM transmission 20 
across highly conductive layers. 

[0053] Turning now to figure 1 C, a system of altemat- " 
ing electrornagnetic-to-acoustic and acoustic-to-elec- 
tromagnetic repeaters are depicted. This system is uti-. 
Ilzed to increase data transmissbn rates .as compared 
\ to conventional EM or acoustic systems alone. As de- 
scribed above; information is collected by sensors 40, 
processed by electronics package 42 and transmitted 
via transmitter 44. Electromagnetic wave fronts 46 travel 
through the earth and are received by electromagnetic- 30 
to-acoustic repeater 35. The electromagnetic-to-acous- 
tic repeater 35 includes a receiver 37, electronics pack- 
age 39 and acoustic transmitter 41 . The receiver 37 
serves as a transducer, transforming electromagnetic 
. wave front 46 into an electrical signal that is transmitted 55 
to electronics package 39 that may include a variety of 
electronic devices as previously described. The elec- 
tronics package 39, in turn, provides an electrical signal 
to acoustic transmitter 41 which generates an acoustic 
signal that is transmitted via drill stririg 30 to an acoustic- 40 
to-electromagnetic repeater 91 . including a receiver 93, 
electronics package 95 and transmitter 97. The acoustic 
signal is received, processed and retransmitted as de- 
scribed above in connection with repeater 35 of figure 
IB. 4S 
[0054] The electromagnetic wave fronts 99 generated 
by transmitter 97 are received by electromagnetic-to: 
acoustic repeater 101. Electromagnelic-to-acoustic re- 
peater 101 Includes receiver 103, electronics package 
1 05 and transmitter 1 07 that retransmits an acoustic sig- 50 
nal to acoustic receiver 31 in the same manner as de- 
scribed in conjunction with repeater 35 of figure 1 A. De- 
pending upon the depth of wellbore 38, the strata 
through which the signal is transmitted, the amount of 
noise inherent in wellbore 38 during drilling or produc- 55 
tion operations, electromagnetlc-to-acoustic and acous- 
tic-to-electromagnetic repeaters 35, 91 and 101 are 
spaced along drill string 30 at intervals as necessary to 



obtain the desired transmission characteristics. 
[0055] The use of a downhole communications sys- 
tem for a deep well requiring multiple repeaters, based 
solely upon either electromagnetic or acoustic repeat- 
ers, requires that each repeater, whether acoustlc-to- 
acoustic or electromagnetic-to-electromagnetic, cease 
transmission before receiving data and likewise cease 
reception while transmitting data due to interference be- 
tween the transmitted and received signals. 
[0056] Since the repeaters in an a downhole commu- 
nication system based solely upon acoustic-to-acoustic 
or electromagnetic-to-electromagnetic transmissions 
typically do not simultaneously receive and transmit da- 
ta, transmission of data is inevitably delayed. The 
above-described embodiment of the invention alleviates 
this type of delay by alternating electromagnetic-to- 
acoustic and acoustic-to-electromagnet Ic repeaters, 
thereby allowing the repeaters to simultaneously trans- 
mit and receive data and increase the overall bit rate. 
[0057] Referring now to figures 2A-2B, one embodi- 
ment of a repeater 76 of the present Inventfon is illus- 
trated. For convenience of Illustration, repeater 76 is de- 
picted in a quarter sectional view. Repeater 76 has a 
box end 78 and a pin end 80 such that repeater 76 is 
threadably adaptable to drill string 30. Repeater 76 has 
an outer housing 82 and a mandrel 84 having a full bore 
so that when repeater 76 is interconnected with drill 
string 30, fluids may be circulated therethrough and 
therearound. Specifically, during a drilling operation, 
drilling mud is circulated through drill string 30 inside 
mandrel 84 of repeater 76 to ports fomned through drill 
bit 32 and up the annulus formed between drill string 30 
and wellbore 38 exteriorly of housing 82 of repeater 76. 
Housing 82 and mandrel 84 thereby protect to operable 
components of repeater 76 from drilling mud or other 
fluids disposed within wellbore 38 and within drill string 
30. 

[0058] Housing 82 of repeater 76 includes an axially 
extending and generally tubular upper connecter 86 
which has box end 78 formed therein. Upper connecter 
86 may be threadably and sealably connected to drill 
string 30 for conveyance into wellbore 38. 
[0059] An axially extending generally tubular Interme- 
diate housing member 68 is threadably and sealably 
connected to upper connecter 86. An axially extending 
generally tubular bwer housing member 90 Is threada- 
bly and sealably connected to Intermediate housing 
member 83. Collectively, upper connecter 85, interme- 
diate housing member 88 and lower housing member 
90 form upper subassembly 92. Upper subassembly 92, 
including upper connecter 86, intermediate housing 
member 88 and lower housing member 90, is electrically 
connected to the section of drill string 30 above repeater 
76. 

[0060] An axially extending generally tubular isolation 
subassennbly 94 is securably and sealably coupled to 
lower housing member 90. Disposed between isolation 
subassembly 94 and tower housing member 90 is a di- 
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electric layer 96 that provides electric isolation between 
lower housing member 90 and isolation subassembly 
94. Dielectric layer 96 is composed of a dielectric mate- 
rial, such as aluminum oxide, chosen for its dielectric 
properties and capably of withstanding compression 
loads without extruding. 

[0061] An axially extending generally tubular lower 
connecter 98 is securably and sealably coupled to iso- 
lation subassembly 94. Disposed between lower con- 
necter 98 and isolation subassembly 94 is a dielectric 
layer 100 that electrically isolates lower connecter 98 
from isolation subassembly 94. Lower connecter 98 is 
adapted to threadably and sealably connect to drill strlngr 
30 and is electrically connected to the portion of drill 
string 30 below repeater 76. 

[0062] Isolation subassembly 94 provides a disconti* 
nuity in the electrical connection between lower con- 
necter 98 and upper subassembly 92 of repeater 76. 
thereby providing a discontinuity in the electrical con- 
nection between the portion of drill string 30 below re- 
peater 76 and the portion of drill string 30 above repeater 
76. 

[0063] It should be apparent to those skilled in the art 
that the use of directional terms such as above, below, 
upper, lower, upward, downward, etc. are used in rela- 
Uion to the illustrative embodiments as they are depicted 
in the figures, the upward direction, being towards the 
lop of the corresponding figure and the downward direc- 
tion being toward the txjttom of the corresponding fig- 
ure. It is to be understood that repeater 76 may be op- 
erated in vertical, horizontal, inverted or inclined orien- 
tations without deviating from the principles of the 
present invention. 

[0064] Mandrel 84 includes axially extending gener- 
ally tubular upper, mandrel section 102 and axially ex- 
tending generally tubular lower mandrel section 104. 
Upper mandrel section 102 is partially disposed and 
sealing configured within upper connecter 86. A dielec- 
tric member 106 electrically isolates upper mandrel sec- 
tion 102 from upper connecter 86. The outer surface of 
upper mandrel section 102 has a dielectric layer dis- 
posed thereon. Dielectric layer 108 may be, for exam- 
ple, a Teflon layer. Together, dielectric layer 108 and di- 
electric member 106 serve to electrically isolate upper 
connecter 86 trom upper mandrel section 102. 
[0065] Between upper mandrel section 1 02 and lower 
mandrel section 104 is a dielectric member 110 that, 
along with dielectric layer 108 serves to electrically iso- 
late upper mandrel section 102 from lower mandrel sec- 
tion 104. Between lower mandrel section 104 and lower 
housing member 90 is a dielectric member 112. On the 
outer surface of lower mandrel section 1 04 is a dielectric 
layer 114 which, along with dielectric member 112 pro- 
vide for electric isolation of lower mandrel sectbn 1 04 
from lower housing member 90. Dielectric layer 114 also 
provides for electric isolation between bwer mandrel 
section 1 04 and isolation subassembly 94 as well as be- 
tween lower marKlrel section 104 and lower connecter 



98. Lower end 116 of lower mandrel section 104 is dis- 
posed within lower connecter 98 and is in electrical com- 
munication with bwer connecter 96. Intermediate hous- 
ing member 88 of outer housing 62 and upper mandrel 

5 section 102 of mandrel 84 define annular area 116. A 
receiver 120, an electronics package 122 and a trans- 
mitter 124 are disposed within annular area 118. 
[0066] In operation, repeater 76 may, for example, 
serve as electromagnetic repeater 34 of figure 1 A, as 

10 electromagnetic-to-acoustic repeater 35 of figure 1 A or 
as acoustic-to-electromagnetic repeater 81 of figure 1 B. 
When repeater 76 serves as electromagnetic repeater 
34 of figure 1A, receiver 120 receives an electromag- 
netic input signal carrying information which is trans- 
• IS formed into a electrical signal that is passed onto elec- 
tronics package 1 22 via electrical conductor 1 26, as will 
be more fully described with reference to figure 5. Elec- 
tronics package 122 processes and amplifies the elec- 
trical signal which is then fed to transmitter 1 24 via elec- 

20 trical conductor 1 28, as will be more fully described with 
reference to figure 12. Transmitter 124 transforms the 
electrical signal into an electromagnetic output signal 
that is radiated Into the earth carrying information. 
[0067] When repeater 76 serves as acoustic-to-elec- 
tromagrietic repeater 61 of figure IB, receiver 120 re- 
ceives an acoustic input signal carrying information 
which is transformed Into a electrical signal that is 
passed onto electronics package 1 22 via electrical con- 
ductor 126. Electronics package 122 processes and 

30 amplifies the electrical signal which is then fed to trans- 
mitter 124 via electrical conductor 128. Transmitter 124 
transforms the electrical signal into an electromagnetic 
output signal carrying information that is radiated into 
the earth. 

3S [0068] When repeater 76 sen/es as electromagnetic- 
' to-acoustic repeater 81 of figure 1B, receiver 120 re- 
ceives an electromagnetic input signal carrying informa- 
• tion which is transformed into a electrical signal that is 
passed onto electronics package 1 22 via electrical con- 

40 ductor 126, as will be more fully described with refer- 
ence to figure 5. Electronics package 122 processes 
and amplifies the electrical signal which is then fed to 
acoustic transmitter 124 via electrical conductor 128. 
Acoustic transmitter 1 24 transforms the electrical signal 

45 into an acoustic output signal that is transmitted via drill 
string 30. 

[0069] Representatively Illustrated In figures 3A-3B is 
repeater 1 30 of the present invention depicted in a quar- 
ter sectional view for convenience of iliustratbn. Re- 

50 peater 1 30 has a box end 1 32 and a pin end 1 34 such 
that repeater .1 30 is threadably adaptable to drill string 
30. Repeater 1 30 has an outer housing 1 36 and a nnan- 
drel 138 such that repeater 130 may be interconnected 
with drill string 30 providing a circulation path for fluids 

5S therethrough and therearound. Housing 136 and man- 
drel 1 38 thereby protect to operable components of re- 
peater 130 from drilling mud or other fluids disposed 
within wellbore 38 and within drill string 30. 
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[0070] Housing 136 of repeater 130 includes an axi- 
ally extending and generally tubular upper connecter 
140 which has box end 1 32 fornried therein. Upper con- 
necter 140 may be threadably and sealably connected 
to drill string 30 for conveyance into wellbore 36. 
[0071] An axially extending generally tubular interme- 
diate housing member 142 is threadably and sealably 
connected to upper connecter 1 40. An axially extending 
generally tubular lower housing member 144 is thread- 
ably and sealably connected to intermediate housing 
member 142. Collectively, upper connecter 140, inter- 
mediate housing member 142 and lower housing mem- 
ber 144 form upper subassembly 146. Upper sub- 
assembly 146, including upper connecter 140, interme- 
diate housing member 142 and lower housing member 
144, Is electrically connected to the section of dhll string 
30 above repeater 130. 

[0072] An axially extending generally tubular isolation 
subassembly 148 is securably and sealably coupled to 
lower housing member 144. Disposed between isolation 
subassembly 148 and lower housing member 144 is a 
dielectric layer 150 that provides electric isolation be- 
tween lower housing member 144 and isolation sub- 
assembly 146. Dielectric layer 150 is composed of a di- 
electric material chosen for Its dielectric properties and 
capably of withstanding compression loads without ex- 
truding. 

[0073] An axially extending generally tubular lower 
connecter 1 52 is securably and sealably coupled to iso- ^ 
lation subassembly 148. Disposed between bwer con- 
necter 1 52 and isolation subassembly 148 is a dielectric 
layer 154 that electrically isolates lower connecter 152 
from isolation subassembly 148. Lower connecter 152 
is adapted to threadably and sealably connect to drill 
string 30 and is electrically connected to the portion of 
drill string 30 below repeater 1 30. 
[0074] Isolation subassembly 148 provides a discon- 
tinuity in the electrical connection between lower con- 
necter 1 52 and upper subassembly 1 46 of repeater 1 X, 
thereby providing a discontinuity in the electrical con- 
nection between the portion of drill string 30 below re- 
peater 1 30 and the portion of drill string 30 above re- 
peater 1 30. 

[0075] Mandrel 1 38 includes axially extending gener- 
ally tubular upper mandrel section 156 and axially ex- 
tending generally tubular lower mandrel section 158. 
Upper mandrel section 156 Is partially disposed and 
sealing configured within upper connecter 140. A die- 
lectric member 160 electrically isolates upper nnandrel 
section 1 56 and upper connecter 1 40. The outer surface 
of upper mandrel section 156 has a dielectric layer dis- 
posed thereon. Dielectric layer 162 may be, for exam- 
ple, a Teflon layer. Together, dielectric layer 162 and di- 
electric member 160 service to electrically isolate upper 
connecter 140 from upper mandrel section 156. 
[0076] Between upper nnandrel section 1 56 and lower 
mandrel section 158 is a dielectric member 164 that, 
along with dielectric layer 162 serves to electrically iso- 



late upper mandrel section 156 from lower mandrel sec- 
tion 1 58. Between lower mandrel sectbn 158 and lower 
housing member 144 is a dielectric member 1 66. On the 
outer surface of lower mandrel section 158 is a dielectric 

s layer 1 68 which, along with dielectric member 1 66 pro- 
vide for electric isolation of lower mandrel section 158 
with lower housing member 144 Dielectric layer 168 al- 
so provides for electric isolation between lower mandrel 
section 158 and isolation subassembly 148 as well as 

10 between lower mandrel section 1 58 and lower connect- 
er 152. Lower end 170 of lower mandrel section 158 is 
disposed within bwer connecter 1 52 and is in electrical 
communication with lower connecter 152. Intermediate 
housing member 142 of outer housing 136 and upper 

IS mandrel section 1 56 of mandrel 1 38 define annular area 
172. A receiver 173 and an electronics package 176 are 
disposed within annular area 172. 
[0077] In operation, receiver 173 receives an acoustic 
input signal carrying information which is transformed 

20 . into a electrical signal that is passed onto electronics 
package 176 via electrical conductor 177. Electronics 
package 176 generates an output voltage is then ap- 
plied between intemnediate housing member 142 and 
lower mandrel section 1 58, which Is electrically isolated - 

2S from intermediate housing member 1 42 and electrically 
connected to lower connector 152, via terminal 181 on 
intermediate housing member 142 and terminal 183 on 
lower mandrel section 158. The voltage applied be- 
tween intermediate housing member 142 and lower 

30 connector 152 generates the electromagnetic output 
signal that is radiated into the earth carrying information. 
[0078] Referring novv to figure 4. an acoustic assem- 
bly 300 of the present invention is generally Illustrated. 
As should be appreciated by those skilled in the art. 

3S acoustic assembly 300 may be generally positioned and 
deployed, for example, in repeater 76 of figure 2A as 
transmitter 124 or may be generally positioned and de- 
ployed in repeater .76 of figure 2A as receiver 120. For 
convenience of description, the following will describe 

40 the operation of acoustic assembly 300 as a transmitter. 
Acoustic assembly 300 includes a generally longitudinal 
enclosure 302 in which is disposed a stack 320 of pie- 
zoelectric ceramic crystal elements 304. The number of- 
piezoelectric elements utilized in the stack 320 may be 

45 varied depending upon a number of factors including the 
particular application, the magnitude of the anticipated 
signal and the particular materials selected for construe-- 
tion of acoustic assembly 300. As illustrated, piezoelec- 
tric crystal elements 304 are positioned on a central 

so shaft 308 and biased with a spring 31 0. A reaction mass 
31 2 is mounted on the shaft 308. The piezoelectric crys- 
tal elements 304 and shaft 308 are coupled to a block 
assembly 318 for transmission of acoustic signals. 
[0079] The piezoelectric crystal elements 304 are ar- 

55 ranged such that the crystals are attemately oriented 
with respect to their direction of polarization within the 
stack 320. The piezoelectric crystal elements 304 are 
separated by thin layers of conductive material 306 such 
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as copper so that voltages can be applied to each crys- 
tal. Alternating layers 306 are connected to a negative 
or ground lead 31 4 and a positive lead 31 6. respectively. 
Voltages applied across leads 314 and 316 produce 
strains in each piezoelectric crystal element 304 that cu- s 
mulatively result in longitudinal displacement of the 
stack 320. Displacements of the stack 320 create 
acoustic vibrations which are transmitted via block as- 
sembly 316 to drill string 30 so that the vibrations are 
transmitted and travel through the various elements of io 
drill string 30. 

[0080] Acoustic vibrations generated by acoustic as- 
sembly 300 travel through the drill string 30 to another 
acoustic assembly 300 which senses as an acoustic re- 
ceiver, such as receiver 120. Acoustic assembly 300 
then transforms the acoustic vibrations Into an electrical 
signal for processing. 

[0081] Referring now to figure 5, a schematic Illustra- 
tion of a toroid is depicted and generally designated 1 80. 
Toroid 180 includes magneticaily permeable annular . 
core 1 62, a plurality of electrical conductor windings 1 84 ' 
and a plurality of electrical conductor windings 186. 
Windings 184 and windings 166 are each wrapped 
around annular core 182. Collectiveiy, annular core 162. 
windings 184 and windings 186 serve to approximate 
•an electrical transformer wherein either windings 1 64 or 
windings 1 86 may serve as the primary or the secondary 
of the transformer. 

[0082] In one embodiment, the ratio of primary wind- 
ings to secondary windings is 2: 1 . For example, the pri- 30 
mary windings may include 100 turns around annular • 
core 162 while the secondary windings may include 50 
turns around annular core 182. In another embodiment, 
the ratio of secondary windings to primary windings is 
4:1. For example, primary windings may include 10 3S 
turns around annular core 182 while secondary wind- 
ings may include 40 turns around annular core 182. It 
will be apparent to those skilled in the art. that the ratio 
of primary windings to secondary windings as well as 
the specific number of turns around annular core 182 40 
will vary based upon factors such as the diameter and 
height of annular core 182, the desired voltage, current 
and frequency characteristics associated with the pri- 
mary windings and secondary windings and the desired, 
magnetic flux density generated by the primary windings 
and secondary windings. 

[0083] Toroid 1 80 of the present inventton may serve 
as an eleclromagnetic receiver or an electronnagnetic 
transmitter such as receiver 120 and transmitter 124 of 
figure 2 A. Reference will therefore be made to figure 2A so 
in further describing toroid 180. Windings 184 of toroid 
180 have a first end 188 and a second end 190. First 
end 188 of windings 184 is electrically connected to 
electronics package 1 22. When toroid 1 60 sen/es as re- 
ceiver 1 20, windings 1 84 serve as the secondary where- ss 
in first end 188 of windings 184 feeds electronics pack- 
age 122 wHh an electrical signal via electrical conductor 
126. The electrical signal may be processed by elec- 



tronics package 1 22 as will be further described with ref- 
erence to figures 9 and 11 below. When toroid 180 
serves as transmitter 124. windings 184 serve as the 
primary wherein first end 188 of windings 1 84. receives 
an electrical signal from electronics package 122 via 
electrical conductor 128. Second end 190 of windings 
184 is electrically connected to upper subassembly 92 
of outer housing 82 which serves as a ground. 
[0084] Windings 1 86 of toroid 1 80 have a first end 1 92 
and a second end 1 94. First end 1 92 of windings 1 66 is 
electrically connected to upper subassembly 92 of outer 
housing 82. Second end 194 of windings 186 is electri- 
cally connected to lower connecter 98 of outer housing 
82. First end 192 of windings 186 is thereby separated 
from second end 192 of windings 186 by isolations su- 
bassembly 94 which prevents a short between first end 
1 92 and second end 1 94 of windings 186. 
[0085] When toroid 1 80 serves as receiver 1 20, elec- 
tromagnetic wave fronts, such as electromagnetic wave 
fronts 46 at figure 1 A. induce a current in windings 185, 
yvhich serve as the prinriary. The current induced In wind- 
ings 166 induces a current in windings 184, the second- 
ary, which feeds electronics package 122 as described 
above. When toroid 180 serves as transmitter 124, the 
current supplied from electronics package 122 feeds 
windings 184, the primary, such that a current is induced 
in windings 186. the secondary. The current in windings 
186 induces an axial current on drill string 30. thereby 
producing electromagnetic waves. 
[0086] Due to the ratio of primary windings to second- 
ary windings, when toroid 180 senses as receiver 120. 
the signal carried by the current induced in the primary 
windings is increased in the secondary windings. Simi- 
larly, when toroid 1 80 sen/es as transmitter 1 24, the cur- 
rent in the primary windings Is increased in the second- 
ary windings. ! 

[0087] Referring now to figure 6, an exploded view of 
a toroid assembly 226 is depicted. Toroid assembly 226 
may be designed to serve, for example, as receiver 1 20 
of figure 2A. Toroid assembly 226 includes a magneti- 
cally permeable core 228, an upper winding cap 230, a 
lower winding cap 232, an upper protective plate 234 
and a lower protective plate 236. Winding caps 230, 232 
and protective plates 234, 236 are fomned from a die- 
lectric material such as fiberglass or phenolk;. Windings 
238 are wrapped around core 228 and winding caps 
230, 232 by inserting windings 238 into a plurality of 
slots 240 which, along with the dielectric material, pre- 
vent electrical shorts between the turns of winding 238. 
For illustrative purposes, only one set of winding, wind- 
ings 238, have been depicted. It will be apparent to 
those skilled in the art that. In operation, a primary and 
a secondary set of windings will be utilized by toroid as- 
&enrU>ly 226. 

[0088] Figure 7 depicts an exploded view of toroid as- 
sembly 242 which may serve, for example, as transmit- 
ter 124 of figure 2A. Toroid assembly 242 includes four 
magnetically permeable cores 244. 246, 248 and 250 
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between an upper winding cap 252 and a lower winding 
cap 254. An upper protective plate 256 and a lower pro- 
tective plate 258 are disposed respectively above and 
below upper winding cap 252 and lower winding cap 
254. In operation, primary and secondary windings (not 
pictured) are wrapped around cores 244, 246, 248 and 
250 as well as upper winding cap 252 and lower winding 
cap 254 through a plurality of slots 260. 
[0089] As is apparent from figures 6 and 7, the 
number of magnetically permeable cores such as core 
228 and cores 244, 246. 246 and 250 may be varied, 
dependent upon the required length for the toroid as well 
as whether the toroid sen/es as a receiver, such as 
toroid assembly 226, or a transmitter, such as toroid as- 
sembly 242. In addition, as will be known by those skilled 
in the art, the number of cores will be dependent upon 
the diameter of the cores as well as the desired voltage, 
current and frequency carried by the primary windings 
and the secondary windings, such as windings 238. 
[0090] Turning next to figures 8, 9 and 10 collectively 
and with reference totigures 2A, therein is depicted the 
components of electronics package 1 22 of the present 
invention. Electronics package 122 includes an annular 
carrier 1 96, an electronics member 1 98 and one or more 
battery packs 200. Annular carrier 196 is disposed be- 
tween outer housing 82 and mandrel 64. Annular carrier 
1 96 includes a plurality of axial openings 202 for receiv- 
ing either electronics member 1 98 or battery packs 200. 
[0091] Even though figure 8 depicts four axial open- 
ings 202. It should be understood by one skilled in the 
art that the number of axial openings in annular carrier 
196 may be varied. Specrfically. the number of axial 
openings 202 will be dependent upon the number of bat- 
tery packs 200 whk;h will be required for a specific inr>- 
plementation of electromagnetic signal repeater 76 of 
the present invention. 

[0092] Electronics member 198 is insertable into an 
axial opening 202 of annular carrier 196. Electronics 
member 1 98 receives an electrical signal from first end 
1 88 of windings 184 when toroid 1 80 serves as receiver 
120. Electronics member 198 includes a plurality of 
electronic devices such as a preamplifier 204, a limlter 
206, an amplifier 208, a notch filter 210, a high pass filter 
212, a low pass filter 214, a frequency to voltage con- 
verter 216, voltage to frequency converter 218. amplifi- 
ers 220, 222. 224. The operation of these electronic de- 
vices will be more full discussed with reference to Figure 
11. 

[0093] Battery packs 200 are insertable into axial 
openings 202 of axial carrier 196. Battery packs 200, 
which includes batteries such as nickel cadmium batter- 
ies or lithium batteries, are configured to provide the 
proper operating voltage and current to the electronic 
devices of electronics member 1 98 and to, for example, 
toroid 180. 

[0094] Even though figures 8-10 have described elec- 
tronics package 122 with reference to annular carrier 
1 96, it should be understood by one skilled in the art that 



a variety of configurations may be used for the construc- 
tion of electronics package 122. For example, electron- 
ics package 122 may be positioned concentrically within 
mandrel 84 using several stabilizers and having a nar- 
5 row, elongated shape such that a minimum resistance 
will be created by electronics package 122 to the flow 
of fluids within drill string 30. 

[0095] Figure 11 is a block diagram of one embodi- 
ment of the method for processing the electrical signal 

10 by electronics package 122 which is generally designat- 
ed 264. The method 264 utilizes a plurality of electronic 
devices such as those described with reference to figure 
9. Method 264 is an analog pass through process that 
does not require modulation or demodulation, storage 

IS or other digital processing. Limiter 268 receives an elec- 
trical signal from receiver 266. Limiter 268 may include 
a pair of diodes for attenuating the noise to between 
about .3 and .6 volts. The electrical signal Is then 
passed to amplifier 270 whk:h may amplify the electrical 

20 signal to 5 volts. The electrical signal is then passed 
through a notch filter 272 to shunt noise in the 60 hertz 
range, a typical frequency for noise in an offshore appli- 
cation 'm the United States whereas a European appli- 
cation may have of 50 hertz notch filter. The electrical 
. 25 signal then enters a band pass filter 234 to attenuate 
high noise and low noise and to recreate a signal having 
the original frequency which was electromagnetically 
transmitted, for example, two hertz. 
[0096] The electrical signal is then fed to a frequency - 

30 to voltage converter 276 and a voltage to frequency con- 
verter 278 in order to shift the frequency of the electrical 
signal from, for example. 2 hertz to 4 hertz. This frequen- 
cy shift allows each repeater to retransmit the infornna- 
tton carried in the original electromagnetic signal at a 

3S different frequency The frequency shift prevents multi- 
ple repeaters from attempting to interpret stray signals 
by orienting the repeaters such that each repeater will 
be looking for a different frequency or by sufficiently 
spacing repeaters along drill string 30 that are looking 

^0 for a specific frequency. 

[0097] After the electrical signal has a frequency shift, 
power amplifier 260 increases the signal which travels 
to transmitter 282. Transmitter 262 transforms the elec-* 
trical signal into an electromagnetic signal which is ra- 

45 diated into the earth to another repeater as its final des- 
tination. 

[0098] it will be appreciated that the invention de- 
scribed above nnay be modified. 



so 

Claims 

1 . A downhole signal repeater apparatus (35) for com- 
municating information between surface equipment 
55 and downhole equipment, comprising: a receiver 
(37) for receiving an electromagnetic input signal 
and transforming the electromagnetic input signal 
to an electrical signal; and a transmitter (41) elec- 
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trically connected to the receiver (35) for transforrr)- 
ing the electrical signal to an acoustic output signal. 

A downhole signal repeater apparatus (81 ) for com- 
municating information between surface equipment 5 
and downhole equipment, comprising: a receiver 
(83) for receiving an acoustic input signal and trans- 
forming the acoustic input signal to an electrical sig- 
nal; and a transmitter (87) electrically connected to 
the receiver (83) for transforming the electrical sig- io 
nat to an electromagnetic output signal that is radi- 
ated Into the earth. 

Apparatus (35,81) according to claim 1 or 2, where- 
in the receiver (37) receiving the electromagnetic ?5 
input signal, or the transmitter (87) transforming the 
electrical signal to an electromagnetic output signal, 
further comprises a magnetically permeable annu- 
lar core (182), a plurality of primary electrical con- 
ductor windings (184) wrapped axially around the 20 
annular core (1 62) and a plurality of secondary elec- 
trical conductor windings (186). wrapped axially 
around the annular core (182) and magnetically 
coupled to the plurality of primaiy electrical conduc- 
tor windings (184). 2S 

Apparatus (35,81 ) according to claim 3, wherein a 
current is induced in the primary electrical conduc- 
tor windings (184) in response to the electromag- 
netic Input signal. 30 

Apparatus (35.81 ) according to claim 4. wherein a 
current is induced in the plurality of secondary elec* 
trical conductor windings (1 86) by the plurality of pri- 
mary electrical conductor windings (184). thereby ss 
amplifying the electrical signal. 



tromagnetic input signal on a receiver (37) disposed 
within a wellbore (38); transforming the electromag- 
netic input signal into an electrical signal; sending 
the electrical signal to a transmitter (41); transform- 
ing the electrical signal into an acoustic output sig- 
nal; and transmitting the acoustic output signal. 

10. A method for communicating information between 
surface equipment and downhole equipment, the 
method comprising the steps of: receiving an 
acoustic input signal on a receiver (83) disposed 
within a wellbore (38); transforming the acoustic in- 
put signal into an electrical signal; sending the elec- 
trical signal to a transmitter (87); transfomning the 
electrical signal into an electromagnetic output sig- 
nal; and radiating the electromagnetic output signal 
into the earth. 



Apparatus (35,81) according to any preceding 
claim, wherein the receiver (83) receiving the 
acoustic input signal, or the transmitter (41 ) trans- 40 
forming the electrical signal to an acoustic output 
signal, further comprises a plurality of piezoelectric 
elements (304). 

Apparatus (35,81) according to any preceding 4S 
claim, further comprising an electronics package 
(39,65) electrically connected to the receiver 
(37,83) and the transmitter (41,87) for annplifying 

the electrical signal. 

so 

Apparatus (35.81 ) according to claim 7, wherein the 
electronics package (39.83) further includes at least 
one battery pack and a plurality of electronic devic- 
es. 

ss 

A method for communicating information between 
surface equipment and downhole equipment, the 
method comprising the steps of: receiving an elec- 
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(57) A downhole communications system including 
an electromagnetic-to-acoustic signal repeater (35) for 
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and downhole equipment and a method for use of the 
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nal and forwards the electrical signal to the transmitter 
(41 ) that transfonns the electrical signal to an acoustic 
output signal that is acoustically transmitted. An acous- 
tic-to-electromagnetic repeater may be used instead of 
the electromagnetic to acoustic repeater (35). 
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